The effect of eddy-eddy interactions on the zonal and meridional macroturbulent scales is studied over a wide range of rotation rates, using high-resolution idealized GCM simulations with and without eddyeddy interactions. The eddy-eddy interactions are found to decrease the number of eddy-driven jets in the atmosphere, without altering their width. The decrease in the number of eddy-driven jets occurs due to the narrowing of the latitudinal region where zonal jets appear. In both simulations with and without eddy-eddy interactions, the width of the jet is found to scale with the Rhines scale through all latitudes and rotation rates. As the eddy-eddy interactions are mostly important poleward of the latitude where the Rhines scale is equal to the Rossby deformation radius, once they are removed the conversion from baroclinic to barotropic eddy kinetic energy increases, and eddy-mean flow interactions intrude into these latitudes and maintain the jets there. This conversion scale is found to decrease as eddy-eddy interactions are removed, especially at low rotation rates. The Rossby deformation radius and this conversion scale do not coincide in both simulations with and without eddy-eddy interactions. The energy-containing zonal scale decreases in the simulations without eddy-eddy interactions, mostly poleward of the latitude where the Rhines scale is equal to the Rossby deformation radius. Moreover, at these latitudes in the simulations with eddy-eddy interactions, the jets and the energy-containing zonal scale coincide. Thus, as these interactions are removed, the isotropy breaks and the energy-containing zonal scale is smaller than the width of the jet.
Introduction
The turbulent behavior of large scales in the atmosphere implies on the importance of eddy-eddy and eddy-mean interactions in controlling the atmospheric energy spectrum (e.g., Charney 1971; Baer 1972; Boer and Shepherd 1983; Nastrom and Gage 1985; Shepherd 1987b ). In particular, studying their effect on the energy-containing wavenumber is crucial for developing a better understanding of the physical processes at synoptic scales.
As the characteristics of two-dimensional turbulence (energy spectrum following a k −3 slope of forward enstrophy cascade; Kraichnan 1967) occur in the atmosphere (e.g., Charney 1971; Baer 1972; Boer and Shepherd 1983; Nastrom and Gage 1985; Shepherd 1987b) , eddy-eddy interactions should have an important role in the balance. Moreover, Rhines (1977) and Salmon (1978) showed that as energy is converted from the baroclinic to barotropic mode at the Rossby deformation radius (a scale which linear theory predicts is proportional to the most unstable wavelength ; Eady 1949) , it can inverse cascade in the barotropic mode to large scales. Such an inverse cascade behavior was also documented in oceanic observations (Kobashi and Kawamura 2002; Scott and Wang 2005) . The inverse cascade will halt at the Rhines scale due to the opposite dependence of frequency on wavenumber in the turbulent and Rossby waves regimes (Rhines 1975; Holloway and Hendershott 1977; Rhines 1979; Danilov and Gurarie 2000; Galperin et al. 2006; Kaspi and Flierl 2007) . Nonetheless, the inverse energy cascade continues up to the zero zonal wavenumber and formation of zonal jets occurs (e.g., Rhines 1977; Williams 1978; Rhines 1994) , with a meridional wavenumber following the Rhines scale (Rhines 1975; Vallis and Maltrud 1993; Panetta 1993; Lee 2005; O'Gorman and Schneider 2008b; Chemke and Kaspi 2015b) . Thus, the ratio (scale separation) between the Rhines scale and the Rossby deformation radius, which follows the QG supercriticality (Held and Larichev 1996) , can imply on the importance of inverse energy cascade and eddy-eddy interactions in the atmosphere (Chemke and Kaspi 2015b) .
However, the lack of a clear scale separation between the Rhines scale and the deformation radius, and the fact that an inverse energy cascade (a spectral slope of -5/3 at large scales), associated with two-dimensional turbulence, is not observed in the atmosphere (e.g., Baer 1972; Boer and Shepherd 1983; Nastrom and Gage 1985) , have raised questions regarding the significance of eddy-eddy interactions (Panetta 1993; Schneider and Walker 2006; Farrell and Ioannou 2007; O'Gorman and Schneider 2007; Constantinou et al. 2014; Marston 2012; Srinivasan and Young 2012; Bakas and Ioannou 2014) . It has been suggested that in the absence of such scale separation (supercriticality is equal or smaller than one), the eddy-eddy interactions should be negligible in the balance, implying that the Rossby deformation radius should follow the energy-containing wavenumber O'Gorman and Schneider 2008b; Merlis and Schneider 2009 ) and the width of the jet . This implies on the major role of eddy-mean interactions in maintaining the jets (Shepherd 1987b; Huang and Robinson 1998; Farrell and Ioannou 2007) , and in adding energy at large scales through a shear-induced spectral transfer (e.g., Shepherd 1987b; Huang and Robinson 1998) . Farrell and Ioannou (2007) showed that while under weak forcing the width of the jet follows the most unstable meridional scale, under strong forcing it follows the Rhines scale; however, not through a turbulent cascade process, but based on the Rayleigh-Kuo stability criterion (Kuo 1949) . Following Stone's baroclinic adjustment theory (Stone 1978) , Schneider (2004) suggested that the atmosphere is in a marginally critical state, such that the eddies tend to keep the supercriticality around one. This implies that eddy-eddy interactions may be of less significance to the main characteristics of macroturbulence in the atmosphere. Indeed, O'Gorman and Schneider (2007) and Chai and Vallis (2014) showed using an idealized GCM, that by removing the eddy-eddy interactions, the spectral slope of the kinetic energy and the energy-containing wavenumber remain the same. Several studies showed that even by removing the nonlinear eddy-eddy interactions, the meridional structure of the jets remains (Tobias et al. 2011; Constantinou et al. 2014; Marston 2012; Srinivasan and Young 2012; Tobias and Marston 2013; Bakas and Ioannou 2014) .
On the other hand, other studies have showed that the supercriticality could vary above one (Zurita-Gotor 2008; Ferrari 2012, 2013; Chai and Vallis 2014) . Thus, nonlinear eddy-eddy interactions become important (Zurita-Gotor and Vallis 2009; Jansen and Ferrari 2012; Chai and Vallis 2014; Chemke and Kaspi 2015b) , and the energy-containing wavenumber coincides with the Rhines scale (Jansen and Ferrari 2012; Chai and Vallis 2014; Chemke and Kaspi 2015b) . At large supercriticality the energy-containing wavenumber does not correlate between simulations with and without eddy-eddy interactions (Chai and Vallis 2014) . Moreover, several studies (O'Gorman and Schneider 2007; Chai and Vallis 2014; Ait-Chaalal and Schneider 2015) observed an increase in the number of jets (the meridional energycontaining wavenumber) as the eddy-eddy interactions were removed.
In Chemke and Kaspi (2015b) we showed the presence of a critical latitude, where the Rhines scale is equal to the Rossby deformation radius. Poleward of this latitude, the Rhines scale is larger than the Rossby deformation radius and the QG supercriticality is larger than one. Hence, hereafter we refer to this latitude as the supercriticality latitude. At these poleward latitudes, the length scale of the energy-containing zonal wavenumber coincides with the width of the jet and the Rhines scale and the eddy-eddy interactions play an important role in transferring energy both upscale and down scale. Thus, the barotropic eddy kinetic energy spectrum follows a k −5/3 slope from the Rossby deformation radius up to the Rhines scale. Using satellite altimetry, Scott and Wang (2005) also showed that an inverse energy cascade by eddy-eddy interactions occurs poleward of this latitude. Equatorward of the supercriticality latitude, the eddy-mean interactions become important and the energy-containing zonal scale was found to be larger than the jets and Rhines scales. At these latitudes the barotropic eddy kinetic energy spectrum follows a k −3 slope from the Rhines scale down to smaller scales. Theiss (2004) and Eden (2007) also showed that the flow is isotropic (anisotropic) poleward (equatorward) of this latitude. The width of the jet was found to coincide with the Rhines scale through all latitudes, however with better agreement poleward of the supercriticality latitude. Under Earth-like simulations the supercriticality latitude is placed poleward of the baroclinic zone, producing only the k −3 slope of enstrophy cascade with no hint of inverse cascade, as observed in Earth's atmosphere (Nastrom and Gage 1985) .
In this study, we examine the importance of the eddyeddy interactions in controlling the meridional and zonal macroturbulent scales. Due to the latitudinal dependence of both scales (Chemke and Kaspi 2015b) , we study their effect by comparing simulations with and without eddyeddy interactions (e.g., O'Gorman and Schneider 2007; Chai and Vallis 2014) , both poleward and equatorward of the supercriticality latitude. The eddy-eddy interactions are found to decrease the number of eddy-driven jets in the atmosphere, without altering their width, by narrowing the region where these jets appear. Consistently, both the conversion from baroclinic to barotropic eddy kinetic energy and eddy-mean interactions decrease, especially at high latitudes, where the eddy-eddy interactions are found to be important. While the eddy-eddy interactions have a minor effect on the Rhines and width of the jets, they tend to increase both the energy containing scale (so it would equal the width of the jet), and the energy conversion scale.
Section 2 describes the idealized GCM and presents briefly the formulation of the quasi-linear simulations. Sections 3 and 4 discuss the effect of eddy-eddy interactions on the jet and macroturbulent scales, respectively, by comparing results from simulations with and without eddy-eddy interactions. The results are further discussed in section 5.
Model
We use an idealized aquaplanet moist global circulation model (GCM), based on the GFDL flexible modeling system (FMS). This is a spherical coordinate primitive equation model of an ideal-gas atmosphere similar to Frierson et al. (2006) and O'Gorman and Schneider (2008a) . The lower layer of the model is an ocean slab which has no dynamics but only exchanges energy with the lowest atmospheric layer. Shortwave radiation is imposed as a perpetual equinox and long-wave radiative transfer is represented by a two-stream gray radiation scheme (Goody 1964; Held 1982) .
In order to examine the effect of the nonlinear eddyeddy interactions on macroturbulent scales, we remove these interactions from the momentum and temperature equations (O'Gorman and Schneider 2007) . We refer to these simulations as the quasi-linear (QL) simulations and to the simulations with eddy-eddy interactions as the full simulations. The mean temperature and momentum equations are similar in the QL and full simulations, as they both contain all the eddy-mean flow interactions, including the contributions of the mean eddy fluxes (i.e., v ∂ u ∂ y , where u and v are the zonal and meridional velocities, and the bar and prime denote zonal mean and deviation from this mean, respectively). However, the eddy equations differ in the full and QL simulations as the purely eddy in-
) are removed in the QL simulations. In this way, the interactions involving three different wavenumbers are removed in the QL simulations, and the spectrum is built only through eddy-mean interactions.
We carry out a set of experiments where we systematically increase the planetary rotation rate up to 8 times Earth's rotation rate (Ω e ). Increasing the rotation rate enables studying multiple jet planets at all latitudes (due to the poleward migrating jets, Chemke and Kaspi 2015a), and thus to accumulate better statistics on the meridional and zonal containing scales. At high rotation rates the eddy length scale is relatively small compared to the planet size (e.g., Schneider and Walker 2006; Kaspi and Showman 2015) , which provides a wide separation among the important macroturbulence scales (e.g., the Rhines scale, Rossby deformation radius, scale of barotropic to baroclinic energy conversion, etc.). Each simulation has 30 vertical sigma layers at T170 horizontal resolution (0.7 • × 0.7 • ). Unless otherwise stated, the results represent the time average of the last 500 days of 2000 day simulations.
The width of the jet
As discussed in section 1, previous studies (O 'Gorman and Schneider 2007; Chai and Vallis 2014) showed that in Earth-like simulations when the eddy-eddy interactions were removed the jets were compressed towards the equator and an additional jet emerged at higher latitudes. Figure 1 shows a snapshot of the meridional-height cross section of the mean zonal wind in the full and QL 8Ω e simulations. The mean zonal wind intensifies in the QL simulation (Tobias and Marston 2013) , particularly at high latitudes, as in Marston (2012) . In order to see how robust this phenomenon is, we calculate the number of eddy driven jets 1 through a series of simulations with different rotation rates (Fig. 2a) . As the rotation rate increases, the eddy length scale decreases, which increases the number of jets in the atmosphere (Williams and Holloway 1982; Navarra and Boccaletti 2002; Kaspi and Schneider 2011; Chemke and Kaspi 2015a) , since their meridional scale correlates with the Rhines scale (Rhines 1975; Vallis and Maltrud 1993; Panetta 1993; Lee 2005; O'Gorman and Schneider 2008b; Chemke and Kaspi 2015b) . The number of the eddy driven jets in the QL simulations (red dots in Fig. 2a ) is larger by ∼ 58% than in the full simulations (blue dots in Fig. 2a ). This can also be seen by observing the mean zonal wind in the full and QL 8Ω e simulations (Fig. 1) .
O'Gorman and Schneider (2007) suggested that the meridional wavenumber of the mean flow is smaller in the full simulation, due to the tendency of eddy-eddy interactions to inverse cascade energy near the zero zonal wavenumber to smaller meridional wavenumbers. The increase in the number of eddy-driven jets in the QL simulations (Fig. 2a) could be explained by a narrowing of the jet's width as the eddy-eddy interactions are removed. However, similar to Constantinou et al. (2014) and Srinivasan and Young (2012) , when the eddy-eddy interactions are removed, the width of the jet remains similar to the width of the jet in the full simulations (95% of the jets have either increase or decrease their width in less than 20%), through all latitudes and rotation rates (Fig. 3a) . The width of the jet is defined as the meridional distance between two consecutive minima values of the mean zonal wind.
The increase in the number of eddy driven jets in these simulations (Fig. 2a) , is due to an increase in the latitudinal width of the region where these jets appear. We refer to this region as the jet region. By comparing the mean zonal wind for the QL and full 8Ω e simulations (Fig. 1) , the jet region becomes wider (stronger eddy-driven jets appear at higher latitudes) as the eddy-eddy interactions are removed. This increase in the width of the jet region is found to occur through all rotation rates (Fig. 2b) . The latitudinal jet region increases in the QL simulations (red dots in Fig. 2b ) by ∼ 70% compared to the full simulations (blue dots in Fig. 2b) . Hence, most of the change in the meridional structure of the zonal wind in the QL simulations comes from the expansion of the jet region (Fig. 1b) and not from a change in the jets' width (Fig. 3a) . The increase in the QL simulations of the jet region (∼ 70%) is larger than the increase in the number of eddy-driven jets (∼ 58%), since the jets that appear at higher latitudes are wider (Fig. 1) due to the beta term in the Rhines scale, as discussed in previous studies (Huang and Robinson 1998; Kidston and Vallis 2010; Chemke and Kaspi 2015b,a) .
The width of the jet region displays a non-monotonic dependence on rotation rate, in both full and QL simulations. For the lower rotation rates, the jet region increases with rotation rate (Fig. 2b) mainly due to the decrease in the latitudinal extent of the Hadley cell (Held and Hou 1980; Walker and Schneider 2006) . On the other hand, at higher rotation rates, the jet region slowly decreases with rotation rate, which might be due to the weakening of the poleward eddy heat flux with rotation rate (Hunt 1979; Kaspi and Showman 2015) , which limits the edge of the baroclinic zone.
The width of the jet in the QL simulations is found to scale with the Rhines scale, and not with the Rossby deformation radius (Fig. 3b ) through all latitudes and rotation rates, as was shown to occur in the full simulations as well (Chemke and Kaspi 2015b) . Following O'Gorman and Schneider (2008b) , the Rhines scale is defined as,
where EKE is the vertically averaged eddy kinetic energy. The eddies are defined as a perturbation from the zonal mean, and β is the meridional derivative of the Coriolis parameter, f . The Rossby deformation radius is defined as,
where H is the tropopause height calculated as the height where the static stability reaches a threshold value of 0.015 s −1 , and
∂ z is the vertically averaged static stability below the tropopause height (similar to Frierson et al. 2006) , where g is gravity and ϑ is the potential temperature 2 .
2 The Rossby deformation radius is similar to the Rossby deformation radius calculated when applying the WKBJ approximation on the eigenvalue problem for the vertical structure of the QG streamfunction (Gill 1982; Chelton et al. 1998 ). The constant of proportionality (2π) is empirically chosen to best separate the barotropic inverse cascade of EKE and forward enstrophy cascade (Chemke and Kaspi 2015b ). Rhines scales calculated using the barotropic EKE (e.g., Haidvogel and Held 1980; Schneider and Walker 2006; Jansen and Ferrari 2012; Chai and Vallis 2014) , the energy cascade rate (Held and Larichev 1996) or using the Rayleigh-Kuo stability criterion (Farrell and Ioannou 2007), The correlation of the width of the jet and the Rhines scale, latitude by latitude through all rotation rates, in the QL simulations, implies that the eddy-eddy interactions do not play an important role in setting the width of the jet. This is similar to the correlation of the jet and the Rhines scales, equatorward of the supercriticality latitude in the full simulations, where eddy-eddy interactions were found to be weak.
Nevertheless, in the full simulations the width of the jet coincides better with the Rhines scale poleward of the suwere found to be less consistent with the width of the jet and with the halting scale of the inverse energy cascade (Chemke and Kaspi 2015b) than the Rhines scale in Eq. 1. The constant of proportionality (2π) in Eq. 1 is empirically chosen to best fit with the jet and the inverse energy cascade scales. 
Scale properties as a function of latitude for all rotation rates. In all panels each dot represents a ratio at a single latitude and rotation rate. a. The ratio between the width of the jet in the QL (denoted with an asterisk) and full simulation. b. The ratio between the Rhines scale and the width of the jet (green), and between the Rossby deformation radius and the width of the jet (orange) for simulations without eddyeddy interactions. c. The ratio between the length scale of the energycontaining zonal wavenumber, calculated from the zonal spectrum of the barotropic eddy meridional velocity (Eq. 7), in the full and QL (denoted with an asterisk) simulations. In panels a and c the blue (red) dots represents latitudes poleward (equatorward) of the latitude where the Rhines scale is equal to the Rossby deformation radius.
percriticality latitude, where eddy-eddy interactions were found to be important (Chemke and Kaspi 2015b) . In the QL simulations, on the other hand, the width of the jet coincides with the Rhines scale similarly at all latitudes (Fig. 3b) . This implies that the eddy-eddy interactions do have some effect on the width of the jet, mostly poleward of the supercriticality latitude. This effect turns out to be weak as the ratio between the width of the jets in the full and QL simulations behaves similarly poleward (blue dots in Fig. 3a) and equatorward (red dots in Fig. 3a) of the supercriticality latitude.
The presence of eddy-driven jets in the QL simulations at latitudes where these jets were absent in the full simulations (Fig. 1) , implies that the production of the zonal jets through local processes in spectral space of nonlinear eddy-eddy interactions (e.g., Rhines 1977; Williams 1978; Rhines 1994 ) is less important in such atmospheric simulations (e.g, Farrell and Ioannou (2007) ; Constantinou et al. (2014); Marston (2012) ; Srinivasan and Young (2012) ). The maintenance of jets by eddy-mean flow interactions (e.g., Shepherd 1987b; Panetta 1993; Huang and Robinson 1998; Robinson 2006; Farrell and Ioannou 2007) , is further discussed in the next section. Even though eddy-eddy interactions are not a prerequisite for the formation of zonal jets (Figs. 1 and 2a) , at strongly nonlinear flow regimes (i.e., poleward of the supercriticality latitude) they do shape, although weakly, the meridional scale of the jets and have a large affect on the width of the jet region (Fig. 2b) .
Macroturbulent scales
The effect of eddy-eddy interactions on the meridional structure of the flow could be further understood by comparing the different components in the budget of the zonal barotropic EKE (following the analysis of Larichev and Held 1995, but here as a function of latitude, as in Chemke and Kaspi 2015b). Even though the meridional structure of the mean flow and eddies are affected by important meridional macroturbulent scales (Simmons 1974; Vallis and Maltrud 1993; Huang and Robinson 1998; Huang et al. 2001; Barry et al. 2002) , here we study the effect of eddy-eddy interactions on the meridional structure of the jets using the zonal spectrum; this is mainly due to two reasons: first, this allows studying the effect of eddy-eddy interactions as a function of latitude (both poleward and equatorward of the supercriticality latitude). Second, the eddy-eddy interactions also affect other zonal macroturbulent scales (e.g., the baroclinic conversion and energy-containing scales) as further discussed below. The zonal spectral barotropic EKE is computed using a onedimensional Fourier analysis for each latitude (Saltzman 1957) as follows,
where angle brackets denote a time mean, squared brackets denote a vertical average, and prime denotes the deviation from zonal mean 3 . The subscript k denotes the zonal spectral components with a zonal wavenumber k. Two components of the budget of the barotropic EKE are presented in Fig. 4 : the conversion of baroclinic EKE to barotropic EKE,
and the eddy-mean interactions,
where u denotes the three dimensional velocity vector, θ is latitude, the asterisk denotes a complex conjugate, the overbar denotes a zonal mean, a is Earth's radius and the plus sign superscript denotes deviation from vertical average. The above components are presented only for the 8Ω e simulation, as it captures the properties both above and below the supercriticality latitude (Fig. 4) . A similar analysis was conducted in previous studies (e.g., Lambert 1984; Koshyk and Hamilton 2001; Jansen and Ferrari 2012; Chai and Vallis 2014) only for the EKE using two-dimensional spectra.
The black line in each panel of Fig. 4 shows the supercriticality latitude from the full simulation, where the Rhines scale (Eq. 1) is equal to the Rossby deformation radius (Eq. 2). The white and gray lines show the Rossby and the conversion from baroclinic to barotropic EKE zonal wavenumbers, respectively. The conversion between wavenumbers (k) and length scales (L) is computed at each latitude as follows,
3 Studying the barotropic energy provides an understanding on the transfers of EKE to larger scales by both eddy-eddy and eddy-mean interactions (Rhines 1977; Salmon 1978) . Thus, in order to study only the barotropic components, it is necessary to first take a vertical average, and only then compute the deviation from zonal mean. (top), and eddy-mean interactions (bottom). Each component is multiplied by the wavenumber and smoothed with a 20-point running mean. The black, white, green, blue and gray lines correspond to the supercriticality latitude (where the Rhines scale is equal to the Rossby deformation radius) from the full simulation, the conversion wavenumber of baroclinic to barotropic EKE, the Rhines scale, the maximum baroclinic growth wavenumber and the Rossby deformation wavenumber (see text for definitions), respectively. and the conversion wavenumber of baroclinic to barotropic EKE is calculated as the centroid of Eq. 4. This definition provides conversion wavenumbers that are closest to the maximum of Eq. 4. The green lines show the scale of maximum baroclinic growth (similar to Jansen and Ferrari 2012) , which is the wavenumber corresponding to the fastest growth rate computed using a linear normal-mode instability analysis (Smith 2007) . This is done by solving the linearized quasigeostrophic potential vorticity equation using the meridional potential vorticity gradient, mean zonal wind and density from the idealized GCM simulations. The eigenvalues are computed at each latitude and height, and only the maximum growth rate at each zonal wavenumber and latitude is taken into account. As in Smith (2007) , in order to consider only the most unstable wavenumbers that are energetically important, we normalized the maximum growth rate of all levels by the eddy available potential energy (EAPE). The EAPE is estimated using the variance of the temperature field (e.g., Lorenz 1955; Saltzman 1957; Boer 1975; Schneider and Walker 2006) . In this way the most unstable wavenumber is found to correspond to the first local maximum growth rate (i.e., the longest local most unstable wave) 4 . 
. The Rhines scale (blue), the Rossby deformation radius (red) and the conversion scale of baroclinic to barotropic EKE (orange) in the QL simulations (denoted with an asterisk) compared to the full simulations, for all rotation rates. For comparing the scales in the QL and full simulations, the meridional average of each scale is taken over the jet region calculated from the full simulations (defined as the distance between the most equatorward and poleward jet).
It has been suggested that the presence of eddy-eddy interactions reduces the conversion of potential to kinetic energy, which can explain the increase in the kinetic energy in the QL simulations (e.g., O'Gorman and Schneider 2007; Chai and Vallis 2014). In our QL simulations the conversion from baroclinic to barotropic EKE indeed strengthens, compared to the full simulations, mostly at intermediate scales (Berloff and Kamenkovich 2013a,b) , and weakens at large and small scales ( Fig. 4a and 4b) . This is consistent with the increase of barotropic EKE in the QL simulations at intermediate scales, and a decrease at large and small scales (Chemke and Kaspi 2015b) . Due to this opposite behavior of the EKE at different scales, and since the width of the jet in the QL and full simulations is similar (Fig. 3a) , and follows the Rhines scale (Fig. 3b) , the mean EKE in the full and QL simulations should also be similar. Indeed, the Rhines scale (computed using the EKE, Eq. 1) is found to be similar for each rotation rate in the full and QL simulations (Fig. 5, blue dots) . The increase in baroclinic conversion to the barotropic mode in the QL simulations is consistent with the tendency of the eddy-eddy interactions to make the stratification less uniform. A more uniform stratification, as occurs in the atmosphere compared to the ocean, enables a stronger baroclinic conversions (Fu 1980; Smith and Vallis 2001, 2002) .
The conversion from baroclinic to barotropic EKE not only strengthens, but also shifts to larger zonal wavenumbers in the QL simulation, and reaches higher latitudes (Fig. 4b) . The eddy-mean interactions also strengthen and intrude into higher latitudes in the QL simulations (replacing the strong eddy-eddy interactions poleward of the supercriticality latitude, Chemke and Kaspi 2015b, which only spread the input of baroclinic EKE locally in spectral space), and maintain the jets there (Figs. 1 and 4c and 4d) . Not only the transfer of barotropic EKE to the mean flow increases in the QL simulation, but also the addition of barotropic EKE to large scales increases (Figs. 4c and 4d) . While in the QL simulations the addition of barotropic EKE by the eddy-mean interactions at large scales coincides with the Rhines scale (Fig. 4d) , in the full simulations, on the other hand, the addition of barotropic EKE by eddy-eddy interactions coincide with the Rhines scale.
As in the full simulations, also in the QL simulations the Rossby deformation radius does not coincide with the conversion scale of baroclinic to barotropic EKE, as expected from the theory of Salmon (1978) (white and gray lines in Figs. 4a and 4b ). This can be more robustly seen in Fig. 5 (where all scales decrease monotonically with rotation rate), by comparing the deformation radius (red) and conversion scale (orange) at each rotation rate simulation (e.g., the right most deformation scale with the right most conversion scale). At low rotation rates (larger scales in Fig. 5 ) both the conversion scale and the Rossby deformation radius are larger in the full simulations. At high rotation rates, on the other hand, while the conversion scale better coincides in the QL and full simulations, the Rossby deformation radius is larger in the QL simulations (Fig. 5) . The conversion scale decreases with rotation rate, as the inverse cascade of the barotropic EKE is being arrested at smaller Rhines scales (Chai and Vallis 2014) . Note, that 7 . The 2D spectrum, computed using spherical harmonics as basis functions (Boer and Shepherd 1983) , of the barotropic EKE (10 −2 m 2 s −2 ) as a function of zonal and total wavenumbers in the 8Ω e simulation with eddy-eddy interactions (a) and without eddy-eddy interactions (b).
the conversion from baroclinic to barotropic contains the conversions from all baroclinic modes and not only from the first baroclinic mode as occurs in the classic two-layers model (e.g., Salmon 1978) . This could be one reason for the apparent discrepancy between the deformation radius and the conversion scale.
Even though the Rossby deformation radius does not coincide with the conversion scale, the scale of maximum baroclinic growth does show a general latitudinal behavior as the conversion scale, consistent with Jansen and Ferrari 2012, through all latitudes (Figs. 4a and 4b ). In the QL simulation the conversion scale and the scale of maximum baroclinic growth coincide at all latitudes, as both scales are derived from models that neglect the contribution of nonlinear interactions (Fig. 4b) . In the full simulation, on the other hand, the scale of maximum baroclinic growth is smaller than the conversion scale poleward of the supercriticality latitude (Fig. 4a) . This is consistent with the tendency of the eddy-eddy interactions to shift the conversion scale to larger scales. However, equatorward of the supercriticality latitude, where eddy-eddy interactions are weaker, the scale of maximum baroclinic growth and the conversion scale approximately coincide. Using a cartesian coordinate models, several studies showed that the Rossby deformation radius does coincide with the conversion scale (Salmon 1978; Larichev and Held 1995; Ferrari 2012, 2015) . Thus, one possible explanation for the difference between the conversion scale and the Rossby deformation radius, in our simulations, is the effect of the sphericity of the planet.
Similar to the meridional direction, the energycontaining zonal wavenumber also increases in the QL simulations (Fig. 3c) . As in O' Gorman and Schneider (2008b) and Chemke and Kaspi (2015b) , the energycontaining zonal wavenumber is computed using the "squared inverse centroid" of the zonal spectrum of the barotropic eddy meridional velocity as follows 5 ,
The length scale of the energy-containing zonal wavenumber is not only larger in the full simulations, (consistent with Chai and Vallis 2014 QL simulations under strong supercriticality), but also its ratio with the length scale of the energy-containing zonal wavenumber in the QL simulations increases with latitude (Fig. 3c,  blue dots) . Equatorward of the supercriticality latitude the length scale of the energy-containing zonal wavenumber is found to be larger in the full simulations by a factor of ∼ 1.3 (Fig. 3c, red dots) . At these latitudes, the width of the jet is smaller than the length scales of the energycontaining zonal wavenumbers in both full and QL simulations (Fig. 6, red dots) .
The effect of eddy-eddy interactions on the ratio between the zonal energy-containing and meridional width of the jets, can be explained by the tendency of the eddy-eddy interactions to spread the barotropic energy along lines of constant total wavenumbers (Fig. 7a , turbulence isotropization) as discussed in Shepherd (1987a) and Huang and Robinson (1998) . In the QL simulation, the lack of eddy-eddy interactions reduces the isotropization of the flow, and the barotropic EKE is no longer spread along lines of constant total wavenumbers (Fig. 7b) . Thus, once the eddy-eddy interactions are removed, and the isotropy breaks, the meridional width of the jet does no longer coincide with the zonal energy-containing scale poleward of the supercriticality latitude (Fig. 6, blue dots) . Furthermore, the energy containing wavenumber is isolated in the spectral space (Fig. 7b) , once these interactions are removed.
Conclusions
In this study we show that eddy-eddy interactions have a large effect on both the meridional and zonal structure of jets in a series of idealized GCM simulations where we systematically compare simulations with (full simulations) and without eddy-eddy interactions (quasi-linear simulations, QL), at different rotation rates. The different rotation rates allow preforming the analysis over a continuous range of latitudes and width of the jets. Our main conclusions are as follows:
• The eddy-eddy interactions are found to decrease the number and intensity of eddy-driven jets in the atmosphere ( Figs. 1 and 2a) , by limiting the latitudinal extent of the region where these jets appear (Fig. 2b ).
This implies that not only that eddy-eddy interactions are not a prerequisite for the formation of zonal jets in the atmosphere, but also on their tendency to inhibit jet formation.
• As eddy-eddy interactions are found to be important mostly poleward of the latitude where the Rhines scale is equal to the Rossby deformation radius (the supercriticality latitude, Chemke and Kaspi 2015b), once they are removed the conversion of baroclinic to barotropic EKE increases at these latitudes (Figs. 4a  and 4b ). The increase in the conversion term is consistent with an increase of the barotropic eddymean flow interactions at these latitudes (Figs. 4c  and 4d ). These interactions replace the eddy-eddy interactions (which efficiently spread the input of baroclinic EKE locally in spectral space) at these latitudes and maintain the jets (transfer energy to the zero zonal wavenumber) at high latitudes, and thus, widen the jet region (Fig. 2b ).
• In the full Earth-like simulation, the supercriticality latitude was found to occur poleward of the baroclinic zone. As a result, eddy-eddy interactions were found to play a negligible role in the balance, and to have a minor effect on the spectral slope of the barotropic EKE (Chemke and Kaspi 2015b) . Nonetheless, in the QL Earth-like simulation, an additional jet emerges at high latitudes (Fig. 2a) as in O'Gorman and Schneider (2007) and Chai and Vallis (2014) . This implies that eddy-eddy interactions do have some effect on the zonal mean flow, even under Earth's parameters.
• The eddy-eddy interactions are found to have a minor effect on the meridional width of the jets through all latitudes and rotation rates (Fig. 3a) . As in the full simulations (Chemke and Kaspi 2015b) , also in the QL simulations the width of the jet coincides with the Rhine scale through all latitudes and rotation rates (Fig. 3b) . Thus, the Rhines scale also remains similar in both full and QL simulations.
• The conversion scale of baroclinic to barotropic EKE does not coincide with the Rossby deformation radius, for all rotation rates, both in the full and QL simulations (Figs. 4a, 4b and 5) . The effect of the eddy-eddy interactions on these scales depends differently on rotation rate. At low rotation rates the eddy-eddy interactions increase both the Rossby deformation radius and the conversion scale. On the other hand, at high rotation rates they decrease the Rossby deformation radius and have a minor effect on the conversion scale (although still larger in the simulations with eddy-eddy interactions, Fig 5) .
• The conversion scale, however, does coincide latitude-by-latitude in the QL simulations with the scale of maximum baroclinic growth (Fig. 4b) . In the full simulations, the scale of maximum baroclinic growth is smaller than the conversion scale, poleward of the supercriticality latitude where eddy-eddy interactions play a major role in the balance (Fig. 4b) . However, equatorward of the supercriticality latitude, both of the scales approximately coincide.
• The energy-containing zonal scale also decreases for all latitudes and rotation rates, as the eddy-eddy interactions are removed (Fig. 3c) . Equatorward of the supercriticality latitude, in both full and QL simulations, the energy-containing zonal scale is larger than the width of the jet (Fig. 6 ). On the other hand, poleward of the supercriticality latitude (where eddyeddy interactions were found to be important), in the simulations with eddy-eddy interactions, the length scale of the energy-containing zonal wavenumber coincides with the width of the jet (Fig. 6a) . Thus, as the width of the jet coincides in the full and QL simulations, at these latitudes once the eddy-eddy interactions are removed, the width of the jet is larger then the energy-containing scale (Fig. 6b) . This is consistent with the tendency of eddy-eddy interactions to spread the barotropic energy along lines of constant total wavenumber (Shepherd 1987b,a) , and hence to make the flow more isotropic (Fig. 7) .
